Administration of IL-2 to HIV-infected patients leads to expansion of a unique subset of CD4 + CD45RO -CD25 + cells. In this study, the origin, clonality, and function of these cells were investigated. Analysis of TCR excision circles revealed that the CD4 + CD45RO -CD25 + cells were the product of peripheral expansion but remained polyclonal as determined by TCR repertoire analysis. Phenotypically, these cells were distinct from naturally occurring Tregs; they exhibited intermediate features, between those of memory and naive cells, and had lower susceptibility to apoptosis than CD45RO -CD25 -or memory T cells. Studies of intracellular cytokine production and proliferation revealed that cytokine-expanded naive CD25 + cells had low IL-2 production and required costimulation for proliferation. Despite elevated expression of forkhead transcription factor P3 (foxP3), they exerted only weak suppression compared with CD45RO + CD25 +high cells (Tregs). In summary, in vivo IL-2 administration to HIV-infected patients leads to peripheral expansion of a population of longlived CD4 + CD45RO -CD25 + cells that express high levels of foxP3 but exert weak suppressive function. These CD4 + CD25 + cytokine-expanded naive cells, distinct from antigen-triggered cells and Tregs, play a role in the maintenance of a state of low turnover and sustained expansion of the CD4 + T cell pool.
Introduction
Randomized controlled clinical trials have shown that intermittent administration of IL-2 in combination with antiretroviral therapy to HIV-infected patients leads to significant and sustained expansion of CD4 + T cells (1-3) of naive and central memory phenotype (4) . We have previously shown that the preferential increase of naive CD4 + cells by IL-2 is predominantly the result of the expansion of a unique subset of naive CD4 + T cells expressing the α chain of the trimeric IL-2 receptor (CD25) (5) . Evaluation of basal T cell proliferation in patients treated with IL-2 has shown significant decreases in cell proliferation as measured by the expression of the nuclear antigen Ki67 or BrdU incorporation that strongly correlated with the increases in the CD4 + CD25 + T cell counts (4) , suggesting that these cells have a fundamental role in the observed CD4 + T cell expansion.
The expansion of a CD4 + T cell subset with naive phenotype in HIV-infected patients treated intermittently with IL-2 could represent increased thymic production or peripheral expansion of preexisting naive cells or even reversion of expanded memory T cells to a naive phenotype. Polyclonal expansion of naive cells would certainly be a desirable clinical effect of any immunotherapy targeting immunodeficient hosts such as HIV-infected individuals. The induction of CD4 + T cells expressing CD25 + cells with in vivo IL-2 immunotherapy also raises the question of a possible relationship of these cells to naturally occurring Tregs, particularly since IL-2 is considered essential for the maintenance, expansion, and functional capacity of these cells (6, 7) . Tregs have been described in animal models (8) and in humans (9) (10) (11) as anergic CD4 + T cells expressing high levels of CD25 and exerting strong suppression after TCR stimulation. Tregs seem to represent a population with a fundamental role in preservation of normal T cell homeostasis as has been demonstrated in CD25 knockout animals (12) . Although natural Tregs originate from the thymus, cells with similar characteristics can also be generated in the periphery under appropriate conditions (13) . Forkhead transcription factor P3 (foxP3) has been described as the critical gene for Tregs' development and function and is the most widely accepted signature of these cells even in the absence of CD25 expression (14, 15) . The role of Tregs in HIV immunopathogenesis is currently unclear, and it would be hard to speculate as to whether their expansion (or functional restoration) would be an important therapeutic goal or an undesirable effect of an immune-based therapy in HIV infection. Given the well-established role of increased T cell turnover in HIV immunopathogenesis (16, 17) , it has been suggested that dysfunction of Tregs in HIVinfected patients may contribute to the dysregulation of immune activation (18) . On the other hand, it is possible that Tregs could hamper protective anti-HIV-specific immune responses (19, 20) .
In the current study, the origin, phenotype, clonality, and function of this subset of CD4 + CD45RO -CD25 + cells were investigated by comparing these cells with conventional naive cells (CD4 + CD45RO -CD25 -) and with memory cells. Detailed analysis of their phenotypic characteristics, functional properties, and gene expression profile showed that these cells were also distinct from Tregs. This is, to our knowledge, the first demonstration of in vivo emergence, by IL-2 immunotherapy in humans, of a cytokineexpanded naive (CEN) CD4 population expressing high levels of foxP3. The emergence of this cell population could potentially be playing an important role in T cell homeostasis. Figure 1A ). In the CD45RO + subset, cells with intermediate CD25 expression also increase while the CD25 +high subset remains stable.
Results

IL-2 induces polyclonal peripheral expansion of CD4
The division history of the CD4 + CD45RO -CD25 + cells ( Figure  1B ) was studied by measuring their T cell receptor excision circle (TREC) content. The TREC content of the CD45RO -CD25 + cells was significantly lower than that of the CD45RO -CD25 -cells (6,600 versus 70,000 signal joint TREC (sjTREC) copies/10 6 cells; P < 0.01, n = 14) but consistently higher than that of the memory (CD45RO + ) cells (6,600 versus 3,400; P < 0.01, n = 7) (Figure 2A ), strongly suggesting that these cells were not new thymic emigrants. Within the CD45RO + subset, there were no significant differences between the TREC content of CD25 -and that of CD25 +high subsets (data not shown). Despite their significant differences in replicative history, the 2 CD45RO -subsets (CD25 + and CD25 -) contained similar levels of proviral DNA (11.5 and 11 copies/10 6 cells respectively), which were lower than the levels detected in the memory subset (185 copies/10 6 cells, n = 11; Figure  2B ). CD45RO + CD25 -and CD45RO + CD25 +high cells had similar proviral DNA levels (data not shown). Taken together, the TREC and proviral DNA data suggest that the CD45RO -CD25 + cells were predominantly derived from peripheral expansion of the naive pool rather than reversion of memory cells. Further supporting this hypothesis were data generated by studying the TCR repertoire of the above separated subsets by analysis of the CDR3 region length polymorphisms. Polyclonality was observed in the TCR repertoire of the CD45RO -CD25 + fraction that mimicked the patterns of the CD45RO -CD25 -cells and did not reproduce the skewed patterns that can characteristically be seen in subfamilies of memory cells ( Figure 2C ). In order to evaluate whether IL-2 can lead to polyclonal expansion of cells that are not expressing CD25, we also studied in vitro the effects of IL-2 stimulation on CD25-depleted cells from IL-2-treated patients. In these experiments, IL-2 induced CD25 expression (median CD25 expression 9.6% after 5 days on CD4 cells versus 1.2% in unstimulated cultures from 4 independent donors) and proliferation of the CD25-depleted CD4 + cells (CFSE-dim CD4 cells; median 5.8% versus 0.9% in unstimulated cultures from 4 independent donors) (see Supplemental Figure 1A ; supplemental material available online with this article; doi:10.1172/JCI24307DS1). The degree of proliferation in response to IL-2 was similar in the presence or absence of added CFSE-unstained CD25 + cells (data not shown). In addition, the degree of proliferation of CD25 -cells in response to IL-2, as measured by intracellular Ki67, was similar to that of the CD25 + fraction (median increases above control 14.3% and 14.6% respectively, data not shown Figure 1A ), human leukocyte antigens (HLA-DR), CCR7, or CD62L ( Figure 3A ). Consistent with a naive phenotype, CEN cells were CD27 + , CCR7 + , CD62L + , CD45RA + , CXCR4 + , CCR5 -with very low Ki67 expression ( Figures 1B and 3A) . Interestingly, the median fluorescent intensity (MFI) was lower for CD38, CD127, CD31, and CD132 and was higher for CD122 in the CEN cell subset (Figure 3A and data not shown) compared with that for naive CD25 -cells. In particular, a strikingly increased expression of TNF receptor II (TNFRII) and a higher MFI for CD95 was noted in CEN cells compared with the naive CD25 -cells. The expression of CD31, considered a marker for primary thymic emigrants (21) , was lower in the CD25 + fraction than in the CD25 -fraction of CD45RO -cells, supporting the TREC data that the CEN cells had undergone additional post-thymic proliferation. In most patients, a slightly higher MFI for CD45RO and intracellular cytotoxic T lymphocyte-associated protein 4 (CTLA-4) was observed, and in a few patients, a slightly lower level of B cell CLL/lymphoma 2 (BCL-2) was also noted (Figures 1 and 3A) . The CEN cell fraction was also distinct from the memory subset with clearly lower expression of CD45RO (Figure 1 ), CCR5, surface TGF-β, and CCR4 and higher expression of CD62L, CXCR4, CD38, CCR7, and CD31 ( Figure 3A and Supplemental Figure  1A ). CD45RO + CD25 +high cells had phenotypic features consistent with Tregs, including high expression of HLA-DR, CD62L, CD95, intracellular CTLA-4, CCR5, and CCR4 ( Figure 3A ). Because of the high expression of CD95 and TNFRII and the lower expression of CD127 and CD132, the apoptosis of the different subsets was studied. Both spontaneous and fas-induced apoptosis were lower in the CEN cells than in either the memory (CD25 -and CD25 +high ) or naive CD25 -cells ( Figure 3B ). This is in clear contrast to the increased susceptibility to apoptosis of naturally occurring Tregs (Figures 3B and Supplemental Figure 2B ) that has previously been reported (10) .
A lower proportion of CEN cells produce IL-2 compared with naive CD25 -cells. After in vitro stimulation for 4 hours with PMA and ionomycin, CEN cells produced IL-2 at significantly lower levels than did the naive CD4 + CD25 -cells (1.9% versus 17.7%, P < 0.001; Figure 4A ). The lower proportion of IL-2 production was not associated with lower activation, since CD69 upregulation was noted in both subsets upon stimulation ( Figure 4B ). Consistent with CD25 -and CEN cells' naive phenotype (CD45RO -CD45RA + CD62L + ), production of IFN-γ or IL-4 was found in less than 0.5-1% of either CEN or naive CD25 -cell subsets. A very low proportion of CD45RO + CD25 +high cells produced IL-2 compared with CD45RO + CD25 -cells (0.8% versus 37.3%, P = 0.03; Figure 4C ). The proportion of CD25 +high cells that produced IL-2 was 34-fold lower (range: 7- to 56-fold) than the proportion of CD25 -cells in the memory subset that did so. In the naive subset, the proportion of CD25 + cells that produced IL-2 was 9-fold lower (range: 3- to 35-fold) than the proportion of CD25 -cells that did so (median values from 6 independent experiments using different donors). An example indicating the proportion of Treg-enriched (CD4 + CD25 +high ) cells producing IL-2 from a healthy volunteer under similar conditions is shown in Supplemental Figure 2C .
Following a 96-hour stimulation in vitro with anti-CD3/anti-CD28 beads, IL-2 production significantly increased, and cells positive for IFN-γ and IL-4 emerged from both CD45RO -CD25 + and CD25 -subsets (data not shown).
CEN cells respond poorly to anti-CD3 in the absence of costimulation and weakly suppress anti-CD3-induced proliferation of naive CD25 -cells.
In lymphocyte proliferation assays, separated CEN cells were found to be hyporesponsive when stimulated by anti-CD3 alone in the absence of costimulation (26,089 in naive CD25 -versus 2,454 net cpm in CEN cells, P = 0.02, median values from 9 independent donors; Figure 5A ). Addition of costimulation with anti-CD28 led to similar degrees of proliferation in both subsets (median 133,102 versus 118,892, P = 0.2). Response to phytohemagglutinin (PHA)
Figure 4
A lower proportion of CEN cells than of naive CD4 + CD25 -cells produce IL-2. (A) IL-2 production was studied with intracellular cytokine staining after stimulation of separated subsets with PMA and ionomycin for 4 hours (n = 11, P = 0.001). (B) Separated CD45RO -subsets showed similar degrees of activation (as measured by CD69 expression) despite significant differences in IL-2 production. (C) CD45RO + CD25 +high cells did not produce IL-2 after similar stimulation (n = 6). was also higher in the naive CD25 -pool compared with that in CEN CD25 + cells (86,581 versus 38,059, P = 0.02; Figure 5A ). In experiments designed to address the presence of suppressive function, with naive CD25 -cells used as responder cells and the addition of CEN cells at different ratios, a weak to moderate degree of suppression (25-50%) was detected ( Figure 5B ). This is considerably lower than the degree of suppression seen with Tregs from healthy volunteers (as shown in Supplemental Figure 2, D Figure 6A ) and real-time PCR ( Figure 6B ).
Since Treg activity is enriched in CD45RO + CD25 +high cells, additional patients and healthy volunteers were studied by looking specifically at this subset. Similar expression of foxP3 was seen in the IL-2-treated patients and healthy volunteers in all separated subsets, with the highest levels of expression found in the CD45RO + CD25 +high cells in both groups ( Figure 6C) .
CEN cells exhibit only weak suppression compared with CD45RO + CD25 +high cells. Because of the high levels of foxP3 expression in the CEN subset, a direct comparison of the proliferative and suppressive capacity of CEN versus CD45RO + CD25 +high cells from the same patients was performed. In lymphocyte proliferation assays, CD45RO + CD25 +high cells were anergic while CEN cells were hyporesponsive with significant proliferation after costimulation ( Figure 7A , median values from 4 experiments). In CFSE assays, CD4 + CD45RO -CD25 -cells were stained with CFSE and used as responder cells with CEN or CD45RO + CD25 +high cells added at different ratios. In this system, the CD45RO + CD25 +high cells, consistent with their higher foxP3 expression, exerted much more potent suppression than CEN cells, as shown in Figure 7 . In a series of 8 experiments using different donors, CD45RO + CD25 +high cells were able to suppress the anti-CD3 proliferative response of the CD45RO -CD25 -by 65% (range: 44-93%) at 1:1 ratios and by 40% at 1:2 ratios (range: 0-62%). In contrast, CEN cells exerted 25% (range: 3-57%) suppression at 1:1 ratios that was not observed consistently at 1:2 ratios. CEN cells did not exert any suppression when CD45RO + CD25 -cells were used as responder cells (data not shown).
Discussion
In this study, the in vivo administration of intermittent 5-day cycles of IL-2 to patients infected with HIV was found to lead to the induction of a long-lived population of CEN CD4 + CD25 + T cells expressing high levels of foxP3. These CEN cells were hyporesponsive or anergic in the absence of costimulation but were clearly distinct from the naturally occurring Tregs with respect to phenotype and suppressive potential. Their weak suppression of polyclonal naive T cell activation suggests that although these cells are not classic Tregs, they may play a role in the regulation of naive T cell activation and proliferation.
Previous in vitro studies have clearly shown that human naive cells stimulated by specific cytokines (IL-2 or IL-7 in the presence of proinflammatory cytokines) can proliferate in the absence of antigen and preserve a naive phenotype, but can express some markers of memory cells such as CD25 (22, 23) . A subset of CEN cells expressing CD25 has been previously described in low numbers in healthy volunteers (5), and a report on patients with rheumatoid arthritis suggested that this phenotype could exist in higher numbers under conditions of intense inflammation (24) .
The phenotypic analysis of the CEN cells studied here demonstrated some features that were intermediate between memory and naive cells (CD38, CD95, TNFRII, CD31, and intracellular CTLA-4) while most other features were consistent with the conventional markers of naive T cells (CD45RO -with high expression of CD62L, CD45RA, CD27, and CCR7). These features may help differentiate intense cytokine-driven homeostatic proliferation of naive cells with maintenance of a naive phenotype from antigenmediated expansion and conversion to memory cells. In irradiated mice, naive cells can masquerade as memory cells after intense homeostatic proliferation in lymphopenic hosts (25, 26) . Kimmig et al. (21) recently described the presence of peripherally expanded human naive CD4 cells that downregulated CD31 secondary to MHC triggering from self antigens. Thus, it seems possible that CD25 + and CD31 -naive CD4 + T cells in healthy adults represent 2 distinct pathways of homeostatic proliferation as suggested by Geginat et al. (23): (a) cytokine-mediated and (b) stimulated by MHC triggering from self-antigens. The lack of complete overlap between the naive CD25 + and CD31 -cells supports this hypothesis and suggests that these 2 subsets of naive cells could potentially be representative of 2 distinct pathways of peripheral expansion. Preliminary results in HIV-seronegative volunteers are also supportive of this notion (our unpublished observations).
The peripheral origin of the majority of CEN CD4 + CD25 + cells seems evident, but it is difficult to exclude entirely the possibility that some memory cells proliferate during IL-2 cycles and revert to a more naive phenotype after the cytokine stimulus is withdrawn. The evidence against a significant degree of reversion is the observation that the TREC content in the CEN cells was higher and the proviral DNA content was lower compared with that of the memory cells in all tested patients, although the lower proviral DNA content could be explained by preferential death of proliferating infected cells. In addition, TCR repertoire analysis did not show similarities between CEN CD25 + and memory cells. Finally, IL-2 was the only cytokine that these cells were able to produce, albeit at low levels. The fact that CD45RO can be upregulated by IL-2 alone (27) seems adequate to explain the presence of the intermediate CD45RO + subset.
Despite some similarities to the described Tregs, the CEN CD4 + CD25 + T cells showed clear differences, as summarized in Table 1 . It is unclear at this point whether foxP3 upregulation is a unique feature of IL-2-expanded naive cells or a common characteristic of cytokine-expanded T cells that retain their naive phenotype. The generation of foxP3-expressing T cells with regulatory function and memory phenotypes has been described as occurring in vitro when naive CD25 -cells were activated by anti-CD3 in the presence of TGF-β (28) . Although it is known that in vivo IL-2 administration leads to the induction of proinflammatory cytokines (29) , increases in TGF-β have not been detected in the same setting (our unpublished observations). It seems feasible that the significant division history of the CEN cells, as shown by their diluted TREC content, could explain their distinct functional characteristics. Some studies have demonstrated that, in animal lymphopenic hosts, naive cells after homeostatic proliferation functioned comparably to memory cells (26, 30) , but others showed long-lasting anergy of naive cells after homeostatic proliferation (31) . On the other hand, human naive T cells after in vitro cytokine-mediated expansion can acquire a split naive-memory phenotype as well as properties of memory cells with respect to cytokine production (32) .
The potential clinical significance of the expansion of these CEN cells and their in vivo functionality and fate remain unclear. Current ongoing phase III studies will be the best means of definitively answering this question (33) . Our findings suggest that these cells are phenotypically and functionally closer to conventional naive cells than memory cells or Tregs since they can be activated to memory by TCR stimulation together with costimulation but have a higher threshold for TCR activation and can weakly suppress polyclonal stimulation of naive CD25 -cells. It is also plausible that the CEN cells may have a role in decreasing the persistent activation and pronounced activation-induced cell death leading to the depletion of the naive T cell pool of HIV-infected patients (34) . Recently, Godfrey et al. described a phenotypically similar cell subset (CD45RO -CD25 +high ) in cord blood with clear Treg activity (35) . Although our data show that the CEN cells are clearly distinct from Tregs, it is possible that a small fraction of these cells may be maturing into Tregs after stimulation and conversion to a memory phenotype. It is also unclear what effects IL-2 therapy may have on survival or expansion of preexisting naturally occurring Tregs, given the fundamental role of this cytokine in development and maintenance of this T cell subset in animal models (36, 37) . Our data suggest that the overall pool of CD45RO + CD25 + cells after IL-2 contains only a small fraction of cells (CD45RO + CD25 +high ) with foxP3 levels and function consistent with those of Tregs. Longitudinal studies will be needed to address potential functional changes that are induced in this subset by IL-2. In summary, in this study, we have analyzed the origin, clonality, and function of a novel subset of CEN CD4 + CD25 + T cells in HIV-1-infected patients treated with intermittent IL-2. The data suggest that these cells represent a long-lived polyclonal population of peripherally expanded preexisting naive cells that are phenotypically and functionally distinct from naturally occurring Tregs. High levels of foxP3 expression and weak suppression of polyclonal stimulation of naive cells suggest a potential role of these cells in naive T cell homeostasis. Finally, these findings reveal a potential pathway for inducing in vivo foxP3 expression in T cell subsets. . Participants received IL-2 cycles at 3-7.5 million units s.c. twice a day for 5 days, initially every 2 months and subsequently at intervals determined by their CD4 + T cell count. Viral burden was tested by Ultra-Sensitive Branched DNA version 3 (Bayer Health Care - Diagnostics Division; sensitivity < 50 copies/ml). All patients received antiretroviral therapy. The characteristics of study participants are shown in Table 2 .
Methods
Study participants. Patients received IL-2 (Proleukin
Immunophenotyping. The immunofluorescence staining of human cells by lysed whole blood method (BD Biosciences - Immunocytometry Systems) was followed as previously described (29) . The monoclonal antibodies used were: CD4 peridinin-chlorophyll-protein complex (PerCP); FITC or allophycocyanin (APC) (clone SK3); CD8 FITC or PerCP (clone SK1); CD3 FITC, PerCP, or APC (clone SK7); CD45RO APC or PE (clone UCHL-1); CD62L PE (clone SK11); CD45RA FITC or PE (clone L48); CD27 FITC or PE (clone L128); CD28 (CD28.2); CD38 (HB-7); HLA-DR (L243); CD95 PE (clone DX2); CD69 PE (clone L78); CCR5 (2D7); CXCR4 (12G5); TNFRII (911B3H10); CTLA-4 (BN13); CD25 PE or FITC or APC (clone 2A3); CD122 PE (clone Tu-27); CD132 (clone AG184); and IgG1 FITC, PE, or APC (clone X40) (all from BD Biosciences - Pharmingen and BD Biosciences - Immunocytometry Systems). CD127 (clone R34.34) was obtained from Beckman Coulter Inc. and CXCR3 (49801), CXCR5 (clone 51505), and biotinylated chicken anti-TGFβ 1 from R&D Systems. The samples were analyzed on a 4-color multiparameter flow cytometer (FACSCalibur; BD Biosciences - Immunocytometry Systems). Approximately 1-1.5 × 10 5 total events and a minimum of 5,000 events in the CD4 + gate were collected per sample.
Intracellular staining for the nuclear antigen Ki67 was performed as previously described (39) with Ki67 PE antibody (clone B56; BD Biosciences - Pharmingen). Intracellular cytokine staining of freshly isolated separated subsets after 4 hours of PMA/ionomycin stimulation was performed as described by Prussin et al. (40) . Staining of live cells with annexin V and 7-aminoactinomycin D (7-AAD) was performed as previously described (29) in cells that were incubated at 37°C overnight in complete media with or without anti-CD95 (BD Biosciences - Pharmingen) at 1 µg/ml. FlowJo software was used for all flow cytometric data analysis (version 6; Tree Star Inc.).
Separation of naive CD4 + CD25 + and naive CD4 + CD25 -cells by magnetic beads. Fresh PBMCs were obtained from lymphapheresis and isolated by FicollHypaque lymphocyte separation. Selection of CD4 + cells was performed by multisort CD4 + separation or CD4 + T cell isolation procedure (Miltenyi Biotec), according to the manufacturer's recommended protocols. The resulting population was on average 95% CD4 + positive and was further depleted of CD45RO + cells with the use of CD45RO beads. The CD4 + CD45RO -fraction was further separated into CD25 + and CD25 -fractions by CD25 microbeads (Miltenyi Biotec). The purity of the separated CD4 + CD25 -and CD4 + CD25 + subsets was on average 90% (range: 80-95%) (Figure 1) . A modified version of the protocol for positive selection was used to separate CD4 + CD45RO + CD25 +high cells that have been described as highly enriched in Tregs (41); CD4 + CD45RO + cells were first incubated with 5 µl of CD25 beads/10 7 cells and underwent 3 consecutive simple positive selections (autoMACS; Miltenyi Biotec) to obtain the CD25 +high population. The initial negative fraction was reincubated with CD25 beads at 20 µl/10 7 cells and underwent "sensitive depletion" (an autoMAC option) to obtain the CD25-negative subset (example from a healthy volunteer is shown in Supplemental Figure 1A) . In a few experiments, cell subsets were alternatively obtained by cell sorting (FACSAria; BD Biosciences - Pharmingen).
TREC analysis. TREC in purified cell subsets was quantitated by realtime PCR by the cell-lysis method as described previously (42) . The consistency of the DNA content of the cell lysate was checked by real-time PCR using a ribosomal protein gene and the TaqMan Gene Expression Assay kit from Applied Biosystems.
HIV-1 proviral DNA measurement. HIV-1 proviral DNA was quantitated by PCR using primers from the gag region. 8E5 cells containing one copy of the proviral DNA were used to obtain the standard graph as previously described (43) .
TCR-repertoire analysis. Separated CD4 + subsets (3.5-6.0 × 10 6 ) from 9 patients were stored in RNAlater (Ambion) at -70°C until use. Cells were washed using cold PBS, and total cellular RNA was isolated from the cells using the RNeasy Isolation Kit (QIAGEN). Total cellular RNA (5 µg) served as a template for cDNA synthesis using the SuperScript First Strand Synthesis system for RT-PCR (Invitrogen Corp.) with oligonucleotide deoxythymidine (dT). The synthesized cDNA (5 µg) was used to amplify the TCR Vβ genes by PCR. A total of 24 aliquots of the synthesized cDNA were amplified for 40 cycles with 1 of 24 TCR Vβ-specific primers and unlabelled Cβ primer (44) . Aliquots of the 24 PCR products (2 µl) were then labeled by 7 cycles of PCR amplification with 6-carboxyfluorescein-conjugated (6-FAM-conjugated) Cβ primer. The labeled products (2.5 µl) were then resolved by electrophoresis on 6% polyacrylamide gels with a size standard, GeneScan 500 TAMRA (Applied Biosystems). Data were analyzed with the Applied Biosystems PRISM 377 automated sequencing system using GeneScan Analysis software (version 3.1.2) (Applied Biosystems). CFSE-mixing experiments. CD4 + CD25 + and CD4 + CD25 -cells were separated from PBMCs of 4 independent donors and stained with CFSE as previously described (45) . The CFSE-stained subset (CD25 -or CD25 + ) was cultured with CFSE-unstained CD4-depleted PBMCs in the presence or absence of CFSE-unstained opposite CD4 subset (CD25 + or CD25 -respectively). In vitro culture with complete medium with or without IL-2 100 IU/ml (aldesleukin; kindly provided by Chiron) was performed for 5-7 days. The initial phenotype of CD4 + T cells was traced according to CFSEstaining. At day 5-7, proliferation of the CFSE-stained fraction was evaluated by CFSE dilution. CD25 and intracellular Ki67 expression were evaluated in both CD4 subsets after gating on CFSE-stained CD4 T cells, which were compared to unstained CD4 T cells.
In the mixing experiments studying suppression, CFSE-stained CD4 + CD45RO -CD25 -cells were cocultured at different ratios with CFSEunstained CD4 + CD45RO -CD25 + or CD4 + CD45RO + CD25 +high cells.
Real-time quantitative PCR and RT-PCR for foxP3 detection. Total RNA was extracted by an RNeasy Mini Kit (QIAGEN) and treated with DNase 1 to eliminate possible genomic DNA contamination. cDNA was prepared with random hexamers using Superscript ΙΙ reverse transcriptase (Invitrogen Corp.). Messenger RNA levels were quantified by real-time PCR using the ABI 7000 Sequence Detection System (Applied Biosystems). FoxP3, IL-2 receptor α (IL-2-RA), glucocorticoid-induced TNF receptor (GITR), CTLA-4, and IL-10 quantitative analyses were performed using TaqMan gene expression assays (Applied Biosystems). Samples were run in triplicate, and their expression levels were determined by comparing experimental levels to standard curves generated using serial dilutions of the same positive sample. 18S rRNA was used for normalization. Data were expressed as fold-change values using CD4 + CD45RO -CD25 -as a reference sample.
RT-PCR was performed in a 50-µl reaction containing 1XPCR Gold Buffer, 0.2 mM dNTPs, 1.5 mM MgCl2, 20 pmol of primers, and 1.25 U of AmpliTaq Gold (Applied Biosystems). cDNA from each population was subjected to nonsaturating PCR (32 cycles) using the following primer pairs: foxP3, 5′-GAAACAGCACATTCCCAGAGTTC-3′ and 5′-ATG-GCCCAGCGGATGAG-3′; and GAPDH, 5′-CCACATCGCTCAGACAC-CAT-3′ and 5′-GGCAACAATATCCACTTTACCAGAGT-3′ (46) .
Statistical methods. Medians and distributions of the data for the different cell subsets (CD4 + CD45RO -CD25 + , CD4 + CD45RO -CD25 -and CD4 + CD45RO + cells) were compared by the Wilcoxon 2-sample method.
